Fast excitatory synapses are generally thought to act as private communication channels between presynaptic and postsynaptic neurons. Some recent findings, however, suggest that glutamate may diffuse out of the synaptic cleft and bind to several subtypes of receptors, either in the perisynaptic membrane or at neighboring synapses. It is not known whether activation of these receptors can occur in response to the release of a single vesicle of glutamate. Here we estimate the spatiotemporal profile of glutamate in the extrasynaptic space after vesicle exocytosis, guided by detailed ultrastructural measurements of the CA1 neuropil in the adult rat. We argue that the vicinity of the synapse can be treated as an isotropic porous medium, in which diffusion is determined by the extracellular volume fraction and the tortuosity factor, and develop novel stereological methods to estimate these parameters. We also estimate the spatial separation between synapses, to ask whether glutamate released at one synapse can activate NMDA and other highaffinity receptors at a neighboring synapse. Kinetic simulations of extrasynaptic glutamate uptake show that transporters rapidly reduce the free concentration of transmitter. Exocytosis of a single vesicle is, however, sufficient to bind to high-affinity receptors situated in the immediate perisynaptic space. The distance separating a typical synapse from its nearest neighbor is ϳ465 nm. Whether glutamate can reach a sufficient concentration to activate NMDA receptors at this distance depends critically on the diffusion coefficient in the extracellular space. If diffusion is much slower than in free aqueous solution, NMDA receptors could mediate crosstalk between neighboring synapses.
Fast excitatory synapses are generally thought to act as private communication channels between presynaptic and postsynaptic neurons. Some recent findings, however, suggest that glutamate may diffuse out of the synaptic cleft and bind to several subtypes of receptors, either in the perisynaptic membrane or at neighboring synapses. It is not known whether activation of these receptors can occur in response to the release of a single vesicle of glutamate. Here we estimate the spatiotemporal profile of glutamate in the extrasynaptic space after vesicle exocytosis, guided by detailed ultrastructural measurements of the CA1 neuropil in the adult rat. We argue that the vicinity of the synapse can be treated as an isotropic porous medium, in which diffusion is determined by the extracellular volume fraction and the tortuosity factor, and develop novel stereological methods to estimate these parameters. We also estimate the spatial separation between synapses, to ask whether glutamate released at one synapse can activate NMDA and other highaffinity receptors at a neighboring synapse. Kinetic simulations of extrasynaptic glutamate uptake show that transporters rapidly reduce the free concentration of transmitter. Exocytosis of a single vesicle is, however, sufficient to bind to high-affinity receptors situated in the immediate perisynaptic space. The distance separating a typical synapse from its nearest neighbor is ϳ465 nm. Whether glutamate can reach a sufficient concentration to activate NMDA receptors at this distance depends critically on the diffusion coefficient in the extracellular space. If diffusion is much slower than in free aqueous solution, NMDA receptors could mediate crosstalk between neighboring synapses.
Key words: diffusion; spillover; tortuosity; extrasynaptic; transporters; AMPA; NMDA Several lines of evidence have recently converged to suggest that glutamate released at C NS synapses may not act exclusively via receptors situated within the synaptic cleft. First, the metabotropic glutamate receptor 1␣ (mGluR1␣) is preferentially localized to the perisynaptic membrane (Baude et al., 1993) . Such a location would serve little adaptive purpose unless glutamate molecules could escape from the synaptic cleft. Second, mGluR2 receptors occur on preterminal membranes of mossy fibers, relatively far away from sites of glutamate release (Yokoi et al., 1996) . Glutamate released from mossy fiber terminals in the hippocampus can presynaptically inhibit f urther glutamate release, and this effect can be blocked by an mGluR2 antagonist (Scanziani et al., 1997) . Assuming that the phenomenon is mediated by the preterminal receptors, it implies that glutamate must diff use out of the synapse to activate them. Third, kainate acts on presynaptic receptors on GABAergic interneurons (C larke et al., 1997) , in a location where axoaxonic synapses have not been reported. Assuming, again, that these synapses serve an adaptive purpose, they must be bound by extrasynaptic glutamate. Finally, synaptically released glutamate elicits signals in hippocampal pyramidal cells that show a striking discrepancy in quantal structure, depending on which receptor is isolated pharmacologically. The average number of quanta (quantal content) mediated by NMDA receptors is consistently larger than that mediated by AMPA receptors (Kullmann, 1994; Isaac et al., 1995; Liao et al., 1995) . This can be explained by proposing that glutamate acts locally on relatively low-affinity AMPA receptors but also acts nonlocally on the high-affinity NMDA receptors at neighboring synapses (Kullmann et al., 1996; Asztely et al., 1997; Kullmann and Asztely, 1998) .
Because nonlocal actions of glutamate have wide-ranging implications for the specificity of synaptic transmission and the interpretation of quantal changes seen in use-dependent plasticity (Kullmann and Siegelbaum, 1995; Malenka and Nicoll, 1997) , it is important to understand the spatiotemporal transmitter profile after exocytosis. We have therefore simulated the exocytosis of glutamate and its diffusion out of the synaptic cleft, as well as its interaction with transporters and the effects of the geometrical obstacles represented by glial processes and neurites. Some previous attempts to model extrasynaptic glutamate diffusion have relied on simplified geometric representations of the extracellular space (Barbour et al., 1994; Clements, 1996; Uteshev and Pennefather, 1997) , which are difficult to relate to the neuropil in vivo. Here, we argue instead that a "typical" synapse, together with the extrasynaptic diffusion barriers, can be characterized on the basis of detailed ultrastructural measurements of the hippocampal neuropil. However, rather than adopting one particular, explicit representation, we treat it as a synaptic cleft surrounded by an isotropic porous medium, the latter described only by the extracellular volume fraction and the tortuosity factor (Nicholson et al., 1979; Barbour and Häusser, 1997) . We describe novel methods to estimate these parameters from electron micrographs of the rat CA1 region. Although the results are relevant to several of the nonlocal actions of glutamate listed above, we relate them explicitly to the hypothesis that glutamate released at one synapse can activate NMDA receptors at a neighboring synapse. We therefore estimate the mean distance separating a typical synapse from its nearest neighbor and explore the probability of opening of AM PA and NMDA receptors positioned at various distances from a "donor" synapse.
MATERIALS AND METHODS
Quantitative electron microscopy. Electron microscopy preparations were generously provided by Heather Davies and Michael Stewart (The Open University). Briefly, four male Sprague Dawley rats (350 -400 gm), anesthetized with pentobarbitone, were perf used transcardially with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS at room temperature. The brains were removed and placed in the same fixative overnight at 4°C. The next day 1 mm sagittal slabs across the entire left dorsal hippocampus (ϳ4 mm from the midline) were dissected, and the tissue was then trimmed to leave a block containing area CA1. The tissue was post-fixed in 1% osmium tetroxide, dehydrated, and embedded in Epon as described by Doubell and Stewart (1993) . In each animal, ultrathin sections were cut to include area CA1. For morphometric analyses, digital images were acquired from a JEM 1010 electron microscope using a Kodak (Rochester, N Y) Megaplus camera as follows. First, the areas of interest were selected using a relatively low-magnification (1200ϫ) allowing observation of the whole section. A region was then selected in the proximal part of the basal dendrites in area CA1, 75-100 m from the proximal edge of the pyramidal cell body layer. Within this region, 12-15 sampling frames (2-m-wide squares), containing relatively homogeneous neuropil, were captured (Fig. 1 A) . Large dendritic shaft profiles and blood vessels were avoided, but sampling was otherwise randomized.
Diff usion in the e xtracellular space. To model extracellular diff usion, we adopted the approach developed by Nicholson et al. (1979) (Nicholson and Phillips, 1981) . In accordance with our morphometric assessment (see sections below), the extrasynaptic spatial environment (beyond the Figure 1 . Morphometric analysis of neuropil. A, Representative picture of the neuropil in area CA1 of rat hippocampus. The sampling frame (2 m square) is shown in white. pt, Presynaptic terminal; ds, dendritic spine; Ax, axon profile; De, dendritic profile. Scale bar, 400 nm. B, Binary traces of membrane profiles observed in A within the sampling frame. The narrow, vertically orientated rectangular f rame represents sampling of surface profile fragments (indicated with dots) according to an infinitesimal approximation illustrated in Figure 2 . The angles between each sampled fragment and a horizontal line therefore represent sampled values of ⍀ or ⌰ (see Materials and Methods). C, Visible intermembrane distances were measured in electron micrographs as distances between two peaks of gray levels (d in insets) in a direction perpendicular to the cell membranes (white segments). synaptic cleft) was treated as an isotropic porous medium, in which the obstacles to diff usion reduce to only two parameters: the extracellular volume fraction ␣, and the tortuosity factor . Assuming that the cell walls are impermeable to glutamate, the effect of the parameter ␣ is to make the diff usion source stronger, by a factor 1/␣, than in a free medium (Lehner, 1979, their Eqs. 24, 36; Nicholson and Phillips, 1981) . , on the other hand, represents the increase in path length of a molecule diff using around obstacles compared with free solution. Macroscopic diff usion in a porous material is described by the same f undamental differential equation as diff usion in a free medium (Fick's second law):
where C is the concentration of the diff using substance, and D* is the apparent diff usion coefficient, which is related to its value in a free medium D by D* ϭ D/ 2 (Harris and Burn, 1949; Fenstermacher and Patlak, 1975; Lehner, 1979) . So far, ␣ and have only been estimated on a scale of hundreds of micrometers by fitting solutions of diff usion equations to the concentration profiles of molecules iontophoresed into the extracellular space (Nicholson and Phillips, 1981; McBain et al., 1990; Lehmenkühler et al., 1993; Rice et al., 1993) . Because cell bodies, blood vessels, and other macroscopic obstacles affect the movement of these molecules, it is not clear that the results can be readily extrapolated to the microenvironment of the synapse. We therefore estimated the parameters ␣ and from electron micrographs of the CA1 neuropil with stereological methods.
Estimating the e xtracellular volume f raction ␣ f rom electron micrographs. Provided that the tissue can be represented by a homogeneous and isotropic medium, the extracellular volume fraction ␣ can be estimated from electron micrographs (that is, randomly oriented planar sections) simply by calculating the fractional area of the extracellular space (Underwood, 1970, p 27 ). This may, however, give a biased estimate because the thickness of ultrathin sections is normally larger than the distance between adjacent cell membranes. An alternative estimate of ␣ can be obtained if the average distance d between apposing cell membranes is known. The mean total length of cell membrane profiles per unit area of micrographs, L A , provides an unbiased estimate of the mean total membrane surface area per unit volume of tissue, S V (Underwood, 1970, p 24) :
The extracellular volume fraction ␣ in neuropil is then simply given by:
The distance d between adjacent cell membranes was measured as follows. Image analysis routines (N IH Image) were used to place straight sampling segments on a calibrated electron micrograph, perpendicular to the interface between two cells (Fig. 1C , white bars); d was then estimated as the distance between two peaks in the profile of gray levels along the segment (Fig. 1C, insets) . The choice of membrane locations to be measured was randomized, and 40 -60 measurements were made in each of four animals. To estimate L A we used the image analysis system to sample 2 ϫ 2 m fragments of neuropil and to trace narrow gaps between adjacent membrane profiles with black binary lines (Fig. 1 A) . In each sampling frame the rest of the image was cut off using thresholding, and the remaining traces were thinned down to one-pixel lines with a skeletonizing algorithm, as shown in Figure 1 B. The total length of membrane profiles per frame (and therefore per section area L A ) was then measured automatically with an N IH Image macro. This procedure was repeated in 10 frames in each of four animals.
Estimating the tortuosit y factor f rom electron micrographs. Consider an infinitesimally thin (thickness dx) and narrow (width dy) slab of tissue perpendicular to the concentration gradient ᰔC (Fig. 2 ). Each diff using particle crosses this slice of neuropil along a certain path AB ϭ dq lying on a cell surface K, whereas in a free medium this particle would be simply translated by distance dx. Because dx is infinitesimally small, the fragment of K within the slice is a parallelogram with sides dq* and dq**, and the direction of dq is effectively determined by a pair of forces acting on the diff using particle: (1) normal N to K and (2) the "diff usion force field" parallel to ᰔC (which is also the direction of dx). Because the position of K in space is determined by two angles, ⌰ and ⍀ (see Fig. 2 ), basic geometry yields the following equivalences:
These expressions provide the relationship between dq and dx:
The ratio dq/dx represents the "porous-to-free" increase in the path of the diff using particle across the slab, that is, "local" tortuosity. The mean tortuosity can then be estimated by averaging dq/dx across a large sample of thin and narrow slabs akin to that illustrated in Figure 2 . Assuming that the medium is isotropic, angles ⌰ and ⍀ must have equivalent distributions. Furthermore, because cell membranes in the neuropil bend in an irregular and largely unpredictable manner, we can assume that the statistical correlation between ⌰ and ⍀ is negligibly weak (for a discussion of "random" cellular shapes as those showing weak dependence between their orthogonal projections, see Rusakov, 1993) . Finally, because the assumption of isotropicity implies that diff usion in any direction is equivalent, we can treat the section of an electron micrograph as the plane containing dx Ϫ dq. The frequency distribution of angle ⌰, or equally ⍀, can then be estimated from electron micrographs by using a sampling procedure that reproduces the infinitesimal approximation illustrated in Figure 2 . is then estimated from Equation 4 by performing a Monte C arlo sampling of ⌰ (or ⍀).
The frequency distribution of ⌰ in area CA1 was estimated as follows. In each electron micrograph, the direction of diff usion was arbitrarily chosen to be horizontal, and the geometrical idealization illustrated in Figure 2 was reproduced by sampling the membrane profiles seen within narrow, vertically orientated rectangular slots (Fig. 1 B) . Each membrane profile within the narrow window corresponded to segment dq* (or dq**). To minimize the departure from the idealized approximation, the sampling window width was set at ϳ40 nm, so that the profiles appeared rectilinear. The values of angle ⌰ (or, equivalently, angle ⍀) between each sampled segment and the horizontal were measured and recorded automatically using image analysis routines. The measurements were stored and later sampled randomly, with replacement, in Monte C arlo simulation experiments to estimate according to Equation 4 (see Results).
T he synaptic environment as a porous medium. A central assumption in the diff usion simulations is that the extrasynaptic neuropil can be treated Figure 2 . Geometric assessment of tortuosity. A diff using particle driven by diff usion gradient ᰔC moves along the path dq ϭ AB on surface K (with normal vector N ) of a diff usion barrier. In free space, however, the particle would be translated by distance dx ϭ AD. An infinitesimally thin (dx thick) slab perpendicular to ᰔC intersects a planar fragment of surface K (diff usion barrier) giving the relationship between the particle path dq and two angles, ⍀ and ⌰, which determine the orientation of the surface fragment.
as a homogenous porous medium on a scale relevant to the distance between neighboring synapses. We tested this assumption by asking whether any regular features (other than a uniform system of extracellular gaps) emerge when the arrangement of extrasynaptic obstacles is compared across a large number of synapses. Figure 3A shows a micrograph taken at random in area CA1. The area extending up to 1.5-2 m from the active zone (AZ) of each synapse represents a random planar section through its microenvironment. The pattern of cell membranes in this area thus represents one of many possible profiles of the extracellular space available for extrasynaptic diff usion. We adopted a similar procedure as described above to reduce this pattern to binary lines one pixel wide (Fig. 3B ). The position of each visible AZ center was labeled, and the corresponding presynaptic and postsynaptic parts were also noted ( Fig. 3B) . This procedure was then repeated in a total of 86 synapses. To combine the spatial information on extrasynaptic geometry across this population, individual binary outlines were translated and rotated so that the AZ profiles were centered, aligned, and superimposed, as illustrated in Figure 3C (with a constant gray level representing each contributing profile). Because the problem is symmetrical about an axis perpendicular to the AZ orientation, each profile outline was combined with its mirror image, obtained by reflection about this axis. The profile image in Figure  3C represents a small sample (two synaptic profiles) of planar sections of the three-dimensional space available for extracellular diffusion near a typical synapse. The complete sample of possible diffusion paths surrounding 86 synapses is shown in Figure 3D . Gray levels in this image represent the probability for the extracellular space to occur in particular locations with respect to the AZ center. Two conclusions can be drawn from Figure  3D . First, within 100 -120 nm of the AZ center, the extracellular space is confined to a narrow strip corresponding to the synaptic cleft (dark segment in the center) and is excluded from the presynaptic and postsynaptic elements (paler areas on either side of the cleft). Second, at distances of more than ϳ120 nm from the AZ center, the probability that the extracellular space occurred at any point was uniform.
Although this test does not prove that the extrasynaptic space is Figure 3 . Typical geometry of synaptic microenvironment in CA1. A, Representative picture of the synaptic microenvironment in area CA1 of rat hippocampus. syn1, syn2, T wo synaptic profiles of interest. Scale bar, 300 nm. B. Profile of the extracellular space obtained from A using an image analysis algorithm (see Materials and Methods). T wo synaptic active zones (AZ) are marked with short segments. C, T wo synaptic profiles depicted in A (syn1, syn2) and B (segments) are centered, aligned, and superimposed (including their mirror images) with respect to the AZ center. The gray levels are reduced proportionately to the number of profiles. D. Superposition of 86 synaptic profiles. The gray level indicates the probability of encountering an extracellular space profile at any point relative to the AZ center.
isotropic, it shows that there is no consistent pattern of extracellular space with cylindrical or spherical symmetry with respect to the typical synapse. Guided by these results, we consider a reasonable approximation of the typical constraints on the movement of glutamate to be a disk-shaped synaptic cleft, enclosed between two hemispheric obstacles to diff usion, and surrounded by a spherically isotropic porous medium. This arrangement is shown schematically in Figure 4 ; a synaptic vesicle releases its contents into the center of a flat cylindrical cleft between two solid hemispheres (radius of 100 nm). At the edge of the cleft the space transforms into an isotropic porous medium, in which the effective glutamate diff usion coefficient is reduced according to the expression D* ϭ D/ 2 . We observed a tendency for presynaptic and postsynaptic membranes to be closer at the edge of the synaptic cleft than in the middle (Fig. 3A) . Because this could represent an additional obstacle to diff usion to the extrasynaptic space, we measured the intermembrane separation at the edge and in the center of the cleft profile for 77 synapses (four animals). The mean separation between membranes at the edge fell to 61 Ϯ 3% of its value in the middle of the cleft. We therefore incorporated this in the simulations, as indicated below (Simulations: parameter estimates).
Uptake of neurotransmitter. Extracellular glutamate uptake is likely to involve very rapid binding to transporters, which are located on cell membranes outside the synaptic cleft (Chaudhry et al., 1995) , followed by relatively slow (dozens of cycles per second) translocation into the cell (Wadiche et al., 1995; Diamond and Jahr, 1997) . The kinetics of glutamate binding and uptake can therefore be represented by a chain reaction:
where Glu denotes glutamate, B denotes the transporter, and GluB denotes the glutamate -transporter complex. The second step describes the effectively irreversible translocation of glutamate into an intracellular compartment, and reappearance of the unbound transporter, with rate k 2 . This scheme implies that, in the absence of diff usion, the following set of equations describes the glutamate concentration time course:
where [B] and [CB] denote the concentrations of free and liganded transporters, respectively, and [B tot ] is the total concentration of transporters.
Equations 5a-5c combined with the diffusion equation (Eq. 1) represent a complete system describing glutamate movement in the extracellular space. Because this system has no straightforward analytical solution, we instead modeled the role of uptake by computing fluxes of the free, bound, and translocated glutamate between thin concentric shells making up the geometrical representation of the perisynaptic space. Noninstantaneous transmitter release. The spatiotemporal profile of glutamate within the synaptic cleft can be affected by noninstantaneous release from a synaptic vesicle (Wahl et al., 1996; Uteshev and Pennefather, 1997; Kleinle et al., 1996; Stiles et al., 1996) . A reasonably general approximation for the time course of release is given by the function ⌽(t):
Setting ϭ 39 msec Ϫ1 gives a release function in approximate agreement with that computed by Stiles et al. (1996) for rapid release of acetylcholine at the neuromuscular junction, assuming rapid expansion of the pore.
Simulations: parameter estimates. We simulated glutamate diff usion by computing fluxes between thin concentric shells (cylindrical within the cleft and spherical outside the cleft), in accordance with a numerical version of Equations 1 and 5. The transition from the free medium (in the cleft) to a porous medium (outside the cleft) was simulated by scaling the diff usion source at the last cylindrical shell by a factor 1/␣. T wo types of diff usion obstacles retarding the neurotransmitter flux at the cleft edge were incorporated: (1) a rapid change of diff usion coefficient, from D to D* ϭ D/ 2 , and (2) a narrowing of the synaptic cleft at its edge, modeled by reducing the width of the last cylindrical shell by 40%. We used the following parameter estimates for the simulations: synaptic cleft radius ϭ 100 nm; synaptic cleft width ϭ 20 nm; and vesicle glutamate contents ϭ 5000 molecules (Riveros et al., 1986; Burger et al., 1989; Bruns and Jahn, 1995) . The extracellular volume fraction ␣ was 0.12, and tortuosity factor was 1.34 (see Results). The initial level of glutamate was set to zero, and the initial concentration of free transporters in the extracellular space, [B tot ], was 0.1 or 0.5 mM (see Discussion). The role of glutamate transporters was modeled by setting the binding rate constant at k ϩ1 ϭ 5 ϫ 10 6 M/sec and the unbinding rate constant at k Ϫ1 ϭ 100 sec Ϫ1 (Diamond and Jahr, 1997) . The rate constant for the step describing glutamate translocation (and the rest of the transport cycle), k 2 , was set at 20 sec Ϫ1 (Wadiche et al., 1995) . A critical unknown parameter is the free diff usion coefficient D for glutamate in the extracellular space. This is likely to be considerably lower than its value in free aqueous solution, generally assumed to be ϳ0.75 m 2 /msec (estimated for glutamine at room temperature; L ongsworth, 1953), because of the viscosity of the medium and interactions with cell walls and extracellular macromolecules. We therefore explored a range of values for D, decreasing from 0.75 to 0.05 m 2 /msec. The simulation results were obtained with 190 concentric shells with thickness that varied between 10 and 50 nm. An "open boundary" condition was set at the last simulated shell, corresponding to ϳ5 m from the release site where the computed glutamate concentration was Ͻ10 Ϫ8 M. The time steps varied as a power function of time, with the smallest steps used for the fastest concentration changes and a total of 10 5 -10 6 steps. We tested convergence of the numerical solution explicitly by verifying that a twofold increase in the number of integration steps produced Ͻ0.5% change in the results. We also verified the programmed solution by reducing the model to a simpler case, namely an instantaneous point source (by setting ϭ 2000 msec Ϫ1 and R ϭ 0 m), with no transporters. The computed glutamate concentration time course was indistinguishable from the analytical solution (Crank, 1975, p 29) over the range 10
Glutamate receptor kinetics. To estimate the consequences of different glutamate concentration profiles on the membrane current flowing through AMPA and NMDA receptors, we used the kinetic schemes published by Jonas et al. (1993) and Lester and Jahr (1992) , respectively. The rate constants are given in Table 1 , as identified in the general scheme: where R indicates the receptor, GluR, Glu 2 R, and Glu 2 R* represent the singly bound, doubly bound, and open states, respectively, and GluRD, Glu 2 RD, and Glu 2 R*D are three desensitized states.
The time course of the open probability (state Glu 2 R*) was calculated by direct integration of the transitions between the different states during each time step, starting with the system entirely occupying the unbound state. The time steps were deliberately made smaller (Ͻ1 sec) at early times after the simulated release event, when the glutamate concentration changed rapidly, and the calculations were systematically repeated with smaller time steps to verif y that the results were stable.
RESULTS

Extracellular space fraction, membrane surface areas, and geometric tortuosity of neuropil
The morphometric method illustrated in Figure 1 B was used to measure the total lengths of cell membrane profiles in 40 sampling frames (2-m-wide squares) in four animals. This provided an estimate for the mean length of cell membrane profiles per unit area L A ϭ 5.54 Ϯ 0.09 m /m 2 (mean Ϯ SEM); therefore, for the mean surface area of cell membranes per unit volume (see Eq. 2) S v ϭ 7.05 Ϯ 0.11 m 2 /m 3 (two adjacent membranes counted as one; otherwise, the value should be doubled). The mean intermembrane distance measured as illustrated in Figure 1C was 16.6 Ϯ 0.3 nm (n ϭ 214). These data allowed estimation of the extracellular volume fraction ␣ ϭ 0.117 Ϯ 0.002.
The histogram of the values of ⌰ (or ⍀), sampled according to the procedure illustrated in Figure 1 B, is shown in Figure 5 . Based on these data, 10 Monte C arlo simulations of Equation 4 yielded an estimate of the tortuosity factor ϭ 1.34 Ϯ 0.01 (mean Ϯ SD).
Mean nearest neighbor distance between hippocampal synapses
The likelihood of significant crosstalk between neighboring synapses depends on the average intersynaptic distance. Electron micrographs of the hippocampal neuropil do not reveal any distinctive patterns in the distribution of AZ s, except that two synapses cannot be closer to one another than is allowed by their physical dimensions (Rusakov et al., 1997) . Therefore, by assigning the geometrical center of each AZ a point identifying its position in space, the spatial layout of synapses can be treated as a three-dimensional "hardcore" Poisson point process, that is, a uniformly random point pattern with the restriction that the minimum interpoint distance must be greater than the mean AZ size (Braendgaar and Gundersen, 1986) . For an unconstrained Poisson point process, the probability density f unction of nearest neighbor distances (analogous to an experimental frequency histogram) is given by a stochastic geometry formula (Stoyan et al., 1987, p 49) :
where N V is the numerical synaptic density, and r is the distance from a typical point (AZ center). The dotted line in Figure 6 illustrates the distribution of the nearest neighbor distances given by Equation 7, taking the mean value of N V as 2.06 m Ϫ3 . This value was previously estimated in area CA1 in the rat hippocampus using a stereological dissector method (Rusakov et al., 1997) . Assuming an unconstrained Poisson process, therefore, the mean nearest neighbor distance is ϳ0.436 m. At the same time, the average three-dimensional size of axospinous synapses in this area, represented by the mean "projected height" (Braendgaar and Gundersen, 1986) , was evaluated to be ϳ0.215 m (Rusakov et al., 1997) . This value represents the hard core for a uniformly random arrangement of the synapses. There is, however, no straightforward analytical solution for the mean nearest neighbor distance in a hardcore Poisson point process. We therefore devised the following Monte Carlo experiment to simulate an arrangement of idealized synapses, which results in parameters (spatial density and AZ size) corresponding to the experimental The values are taken from Jonas et al. (1993) and Lester and Jahr (1992) , respectively.
data (Rusakov et al., 1998) . First, we generated a uniformly random Poisson point process in an 8-m-sided cube, with a spatial density N V set by the numeric volume density of synapses observed experimentally (2.06 m
Ϫ3
). Second, the simulated scatter was "thinned" systematically (Stoyan et al., 1987) by deleting all of the points that had nearest neighbors at a distance less than the AZ size. (Euclidean distances were calculated using a "minus-sampling" procedure, which eliminates edge bias; Stoyan et al., 1987) . Finally, because the thinning lowered the total number of points, the entire procedure was repeated with a higher initial point density until the observed synaptic density was achieved. The histogram in Figure 6 shows the final result of this Monte C arlo procedure, obtained with 1053 simulated synapses and a minimum separation between AZ centers of 0.215 m. The mean nearest neighbor distance was ϳ0.465 m. This is ϳ1.7 times lower than the mean nearest neighbor distance, which would be expected if synapses with the same overall density were arranged in a regular cubic lattice: N V Ϫ1/3 ϭ 0.786 m. Figure 7A shows the simulated time course of the glutamate concentration within the synaptic cleft (radial distance ϭ 50 nm) after release of 5000 molecules, with the free diff usion coefficient D ranging from 0.05 to 0.75 m 2 /msec. The concentration of transporters in the extrasynaptic space was assumed to be 0.1 mM. Also plotted for comparison are the biexponential glutamate profiles estimated in hippocampal cultures by C lements et al. (1992) (also see C lements, 1996) and Diamond and Jahr (1997) . For all but the highest free diff usion coefficients, the glutamate concentration reaches a higher peak than predicted by the biexponential profiles. The decay rate gradually slows, so that at later times the time courses given by C lements (1996) and Diamond and Jahr (1997) are better approximated with a low estimate of D. Reducing the number of molecules released (Fig. 7B) gives a better agreement with the early peak of the biexponential profiles but underestimates the later concentration unless D is Ͻ0.1 m 2 /msec. The role of transporters in determining the glutamate profile both within and outside the synaptic cleft is explored in Figure  8 A, where D was assumed to be 0.1 m 2 /msec. Increasing the density of transporters, [B tot ], from 0 to 0.5 mM has two effects. First, it rapidly reduces the glutamate concentration after the first millisecond. This effect is small within the synaptic cleft and becomes more prominent at increasing distances from the release site. Second, after the initial rapid reduction, the concentration decays with a shallow slope on a semilogarithmic plot (Fig. 8,  compare A 1 , A 3 ). These effects result, first, from rapid binding of glutamate to the unoccupied transporters and, second, from the buffering effect of the transporters; glutamate shuttles between the free and bound states, thereby spending a smaller proportion of the time diff using away from the release site. The translocation step plays a negligible role on the time scale explored here, because the rate constant k 2 is very slow compared with the binding and unbinding to the transporters.
Simulation results
Synaptic currents
The glutamate concentration profiles illustrated in Figure 8 A were used to calculate the time course of the open probability of AM PA and NMDA receptors positioned at different distances from the synaptic cleft. Figure 8 , B and C, shows families of open probability (P o ) time courses for AM PA and NMDA receptors, respectively. P o is proportional to the predicted synaptic current, assuming equal numbers of receptors and constant driving forces at each distance r from the release site. In the absence of glutamate uptake, the P o of AM PA receptors decreases steeply with distance ( Fig. 8 B 1 ). At 465 nm, the mean nearest neighbor distance estimated above, the peak open probability (P o,max ) is ϳ8% of its value within the synaptic cleft. P o,max for NMDA receptors decreases with distance much less steeply (Fig. 8C 1 ) , reflecting the relatively higher affinity for glutamate. At the same distance, P o,max is 62% of its value within the cleft.
Incorporating glutamate transporters has a profound effect on the degree of activation of receptors positioned outside the synaptic cleft (Fig. 8 B,C) . However, even with the highest concentration of transporters explored here (0.5 mM), the NMDA receptors positioned at 465 nm still opened to 17% of the maximal probability reached within the cleft (Fig. 8C 3 ) . The AMPA receptors at this distance, in contrast, were essentially unaffected by the glutamate transient ( Fig. 8 B 3 ). The opening of receptors at different distances from the release site depends steeply on the diff usion coefficient. Figure 9 plots the P o,max against distance for different values of D, ranging from 0.05 to 0.75 m 2 /msec. This yields the paradoxical result that the slower glutamate diff uses away from the release site, the higher the opening probability of receptors outside the synaptic cleft, both in absolute terms, and as a fraction of P o,max within the synaptic cleft.
Exocytosis of 5000 molecules of glutamate may thus be sufficient to activate a significant proportion of NMDA receptors at a distance similar to that separating neighboring synapses, as long as D Յ 0.1 m 2 /msec. At shorter distances, corresponding to the immediate vicinity of the synaptic cleft, NMDA receptors can be opened with D Յ 0.75 m 2 /msec, the value in free medium. The AMPA receptor opening probability, as a fraction of the P o,max within the cleft, is always smaller.
Effect of nonzero background glutamate concentration
The above conclusions depend on the assumption that the extracellular glutamate concentration was zero before exocytosis. This may not be correct, both because vesicles at neighboring synapses undergo spontaneous exocytosis and because the stoichiometry of glutamate transporters sets a lower limit on the resting extracellular concentration, which has been estimated as ϳ0.6 M (Bouvier et al., 1992) . We explored the effect of a background glutamate concentration of 0.6 M by adding a constant "leak" into each spatial compartment, with leak rate L determined as follows. In the steady state:
. We repeated the simulations of exocytosis to obtain the glutamate concentration profiles at different distances, with initial and boundary concentrations of 0.6 M. The time course of the opening probability of AMPA and NMDA receptors was then calculated as before, with the difference that the receptor kinetic scheme was allowed to equilibrate with 0.6 M glutamate for several seconds before exocytosis. This led to marked desensitization of the NMDA receptors. There was also a small background opening probability, which we subtracted from the peak response to the glutamate transient. The dependence of P o,max on distance was qualitatively unchanged from that determined with a zero resting glutamate concentration. This is shown in Figure 10 , where P o,max , normalized by P o,max in the synaptic cleft, is plotted against distance for different values of D. The peak increase in open probability after exocytosis always fell with distance faster for the AMPA receptors than for the NMDA receptors. 
DISCUSSION
Geometric constraints on diffusion
The present study relies on the assumption that the extrasynaptic space can be reasonably approximated by a homogeneous porous medium. No regularities with cylindrical or spheric symmetry with respect to an individual synapse emerged when a large number of perisynaptic membrane profiles were examined (Fig.  3) . The design of this test, however, could have concealed some preferred directions with respect to the whole hippocampus, because the images (and the corresponding sections) were rotated to allow them to be superimposed. Indeed, the apparent diffusion coefficient in the cerebellar cortex, measured on a scale of Ͼ100 m with ion-selective microelectrodes, differs according to the axis in which the measurement is made (Rice et al., 1993) , implying that a unique tortuosity factor may not f ully characterize the obstacles to ion movements. On a scale of Ͻ1 m, however, this effect is probably very weak, and the present results, which represent arbitrarily orientated synapses, are very unlikely to be affected by deviations from the assumption that diffusion is spherically symmetrical. The present estimate of the extracellular volume fraction ␣ (0.117) is close to previous estimates obtained with microiontophoretic methods in acute brain slices (McBain et al., 1990; Pérez-Pinzón et al., 1995) . The geometric method used here is potentially sensitive to fixation artifacts, but the agreement implies that any error introduced may be small. These estimates are, however, lower than in other brain areas when measured in vivo (Lehmenkühler et al., 1993) . It is not clear whether this reflects a genuine difference between different parts of the brain or some bias affecting both the reported and the present estimates in the hippocampus.
The estimate of the tortuosity factor (1.34) is ϳ20% lower than previously reported in acute slices (McBain et al., 1990; Pérez-Pinzón et al., 1995) . An important distinction, however, must be made between the "geometric tortuosity" measured here, which reflects only the visible obstacles presented by neurites and glial processes, and the "total tortuosity" estimated with ionsensitive microelectrodes. The latter measure also reflects the slowing of ion movement caused by interactions with macromolecules and membranes, and, as a corollary, the nonzero viscosity of the extracellular medium. The discrepancy between the two measures, however, does not give an indication of the effective diffusion coefficient in the extracellular medium, because the slowing of diffusion depends on the ion species. The movement of glutamate may be more severely retarded than that of small inorganic ions used in iontophoretic measurements (such as tetramethylammonium). The correct value of D for glutamate in the extracellular medium thus remains uncertain, preventing a unique solution for the spatiotemporal profile after exocytosis of known amounts of the transmitter.
Role of uptake
Some uncertainty also surrounds the parameters describing glutamate uptake. The rate constants assumed here were guided by the affinity of transporters and kinetic measurements reported by Wadiche et al. (1995) and are similar to those used by Diamond and Jahr (1997) . Less is known about the concentration of transporters. Takahashi et al. (1996) , working on rodent Purkinje cells, estimated the density of transporters as 1300 -13,000 m
Ϫ2
. Assuming an intermembrane distance of 0.017 m (see Results), this gives a spatial density of ϳ70,000 -700,000 m Ϫ3 within the extracellular space, corresponding to [B tot ] between 0.1 and 1.0 mM. This value may be lower in the CA1 region of the hippocampus, because two of the cloned glutamate transporters are expressed at higher levels in the cerebellum than elsewhere in the brain (Storck et al., 1992; Rothstein et al., 1994; Chaudhry et al., 1995; Fairman et al., 1995) .
An important effect of incorporating reversible binding to transporters was that, after a rapid reduction in the first millisecond, the decline in the free glutamate concentration proceeded more slowly than without uptake, as if the diff usion coefficient was reduced. Z ador and Koch (1994) and Wagner and Keizer (1994) analyzed the formally equivalent process of buffered Ca 2ϩ ion diffusion. Their results imply that, when the concentration of the diffusing glutamate is low, Equation 1 given above can be replaced by:
where
is an apparent dissociation constant characterizing the "reappearance" of free binding sites (see Eqs. 5a-5c above). ␤ ϱ is effectively the asymptotic bound-to-free glutamate ratio, and our computations indicate that the actual bound-to-free glutamate ratio reaches ␤ ϱ within a few milliseconds (data not shown). Glutamate transporters can thus slow down the diffusion of glutamate molecules away from the site of exocytosis, in good agreement with Equation 9. This phenomenon, however, only becomes noticeable when the glutamate concentration is low, and at higher concentrations, sufficient to activate AMPA and NMDA receptors, the major effect is a rapid "soaking up" of part of the vesicle contents as glutamate molecules bind to unoccupied transporters (Diamond and Jahr, 1997) . The subsequent translocation into the intracellular space plays only a very small role on the time scale of interest here, because the rate constant k 2 is very slow.
Two additional parameters affected the simulation results: the narrowing of the synaptic cleft edge and the time course of exocytosis. Eliminating the cleft edge barrier or making exocytosis instantaneous, however, had only relatively minor effects on the extrasynaptic glutamate profiles. Note, however, that if the viscosity of the extracellular medium at the cleft edges were significantly higher, escape of glutamate could be significantly retarded.
Activation of extrasynaptic receptors
The simulation results allow some conclusions to be drawn about the likely activation of extrasynaptic receptors after the release of the contents of a single vesicle, assumed to be ϳ5000 molecules (Riveros et al., 1986; Burger et al., 1989; Bruns and Jahn, 1995) . First, the immediate perisynaptic membrane (Ͻ200 nm from the cleft center) is exposed to a glutamate transient that is sufficient to open NMDA receptors. This holds even if the glutamate diffusion coefficient in the extracellular medium is as high as in water (0.75 m 2 /msec). This implies that perisynaptic mGluR1␣ receptors (Baude et al., 1993) , which have affinity for glutamate similar to that of NMDA receptors (Hayashi et al., 1993) , are normally liganded after the release of a single vesicle of glutamate. Whether this is sufficient to stimulate phospholipase C (Aramori and Nakanishi, 1992 ) is, however, not known.
Second, high-affinity receptors located at a greater distance from the cleft center may also be activated by the contents of a single vesicle, although this depends on the diffusion coefficient for glutamate. If D is Յ0.1 m 2 /msec, a significant proportion of NMDA receptors located at the nearest neighboring synapse will be opened. In other words, glutamate released from a typical synapse will, on average, reach a sufficient concentration to open some of the NMDA receptors at a neighboring synapse. AMPA receptors at the neighboring synapse are, however, much less likely to be opened because their affinity is lower. An additional phenomenon that can limit the opening of AMPA receptors by "spillover" glutamate is that they desensitize rapidly (Trussell and Fischbach, 1989) . This discrepancy in the response of AMPA and NMDA receptors could underlie the observation that the number of quanta signaled by NMDA receptors at CA1 cells is consistently larger than that mediated by AMPA receptors (Kullmann and Asztely, 1998) . A proportion of synapses at which NMDA receptors open could thus act as "bystanders" to conventional dual-component transmission at neighboring synapses, which may have distinct presynaptic and/or postsynaptic elements. This is in general agreement with the simulations of Uteshev and Pennefather (1997) , who argued for spillover of glutamate onto NMDA receptors at a similar intersynaptic distance as estimated here (400 nm), on the basis of an alternative analytical treatment of diffusion and receptor kinetics.
Intersynaptic crosstalk mediated by NMDA receptors becomes less likely as the diffusion coefficient is increased to Ͼ0.3 m 2 / msec. It could, however, still occur even with the higher estimates of D, if the two synapses were very close together. Note that approximately half of the nearest neighbor distances estimated here fell below the mean value (Fig. 6 ). This can also occur at multisynapse boutons, in which distinct synapses, mainly made on different postsynaptic dendrites (Sorra and Harris, 1993) , may have cleft centers separated by Յ300 nm (data not shown).
It is less clear whether the extrasynaptic glutamate transient resulting from the release of a single vesicle could also reach a sufficient concentration to activate preterminal mGluR2 receptors at mossy fibers (Yokoi et al., 1996) or kainate receptors on GABAergic terminals (Clarke et al., 1997) , because the linear and/or effective distances separating these receptors from glutamatergic release sites have yet to be estimated. Finally, synaptic elements (in particular dendritic spines) in area CA1 may alter their shapes and/or positions with time (at least in vitro), together with changes in synaptic efficacy (Hosokawa et al., 1995) . The parameters that determine extracellular glutamate diffusion therefore may not be fixed.
The conclusions summarized here rely on the assumption that 5000 molecules of glutamate are exocytosed. Given a vesicle diameter of 40 nm, this corresponds to a vesicular glutamate concentration of ϳ250 mM, which is below the theoretical maximum of 320 mM (Maycox et al., 1990) . Estimates of vesicle contents are sensitive to a number of experimental difficulties (Riveros et al., 1986; Burger et al., 1989) , but if the true vesicle contents were much lower, or if vesicles did not discharge all of their contents, extrasynaptic receptors would be exposed to a lower glutamate concentration. In this situation, however, a significant proportion of the NMDA receptors at the nearest neighboring synapse could still open as long as the diff usion coefficient is sufficiently low. For instance, with 2500 molecules released, and with a transporter density [B tot ] of 0.1 mM, P o,max at 465 nm was still 36% of P o,max within the synaptic cleft when D ϭ 0.05 m 2 /msec. This was little changed by allowing a resting glutamate concentration of 0.6 M.
Conclusion
Extrasynaptic receptors are likely to be activated by relatively small amounts of glutamate, especially if the diff usion coefficient in the extracellular medium is low. Other groups have argued that the diff usion coefficient is lower than in free solution (Holmes, 1995; Wahl et al., 1996) . Paradoxically, K leinle et al. (1996) argued for a low effective diff usion coefficient to avoid interactions between neighboring clusters of receptors. This is because they considered spillover at AM PA, rather than at NMDA, receptors; whereas AM PA receptors are very sensitive to the peak glutamate concentration (and desensitize rapidly), NMDA receptors are relatively more sensitive to the duration of the agonist transient at micromolar levels. Slowing diff usion enhances the activation of AMPA receptors close to the release site by ensuring that a higher peak concentration is reached.
